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Transport of peroxidase in flounder kidney tubules studied
by electron microscope histochemistry
PETER D. OTTOSEN and ARVID B. MAUNSBACH
Department of Cell Biology, Institute of Anatomy, University of Aarhus, Aarhus, Denmark
Transport of peroxidase in flounder kidney tubules studied by
electron microscope histochemistry. The aim of the present study
was to determine at the ultrastructural level how protein is
transported through the renal tubule wall. Flounders were
injected intravenously with peroxidase, and renal tubules dissect-
ed and incubated in vitro. Peroxidase was located by electron
microscope histochemistry and determined biochemically. At the
start of incubation peroxidase was located 1) in the extracellular
space in the tubule wall (intercellular space and basal invagina-
tions) and 2) in apical cytoplasmic vacuoles. During the first
hour of incubation peroxidase located in the extracellular space
disappeared and simultaneously the peroxidase content in the
incubation fluid increased. Peroxidase located in the apical
vacuoles was transferred to lysosomes. in control experiments tu-
bules from uninjected fish were incubated in a medium containing
peroxidase. Within 30 mm peroxidase penetrated retrograde into
the extracellular space across the basement membrane. The
present study shows that peroxidase 1) can penetrate into the
extracellular space via the basement membrane and 2) diffuse
out into the peritubular fluid during incubation in vitro. The
latter process may simulate transtubular transport of intact
protein.
Transport de la peroxydase par le tube renal du f let étudié par
histochimie en microscopie électronique. Le but de ce travail est
de determiner, au niveau ultrastructur, Ia facon dont les pro-
téines sont transportées a travers Ia paroi tubulaire rénale. Les
lets ont recu de la péroxydase par voie intraveineuse et les tubes
rénaux ont été dissequés et incubés in vitro. La péroxydase a été
Iocalisée par des méthodes histochimiques en microscopic
electronique et sa concentration déterminée biochimiquement.
Au debut de l'incubation Ia péroxydase était localisée 1) dans
l'espace extracellulaire de Ia paroi tubulaire (espace intercellu-
laire et invaginations de Ia basale) et 2) dans les vacuoles apicales
du cytoplasme. Pendant la premiere heure d'incubation la péro-
xydase Iocalisée dans l'espace extracellulaire disparait et, simul-
tanément, le contenu en péroxydase du liquide d'incubation
augmente. La péroxydase des vacuoles apicales est transférée
aux lysosomes. Au cours des experiences témoins des tubules de
poissons non injectés ont été incubés dans un milieu contenant
de Ia peroxydase. En 30 minutes la péroxyadse a pénétré par
voie retrograde dans l'espace extracellulaire, a travers Ia mem-
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brane basale. Ce travail montre que Ia peroxydase 1) peut
pénétrer dans l'espace extracellulaire a travers Ia membrane ba-
sale et 2) diffuse dans le liquide péritubulaire au cours de I'm-
cubation in vitro. Ce dernier processus peut simuler un transport
transtubulaire de protéine intacte.
Naturally occurring pla,ma proteins, in particular al-
bumin, have been found in small concentrations in the
lumen of the mammalian proximal tubule [1—3]. Although
the concentration of protein in the filtrate is low, the ab-
solute amount filtered per day is considerable due to the
large volume of the glomerular filtrate. The question of how
the filtered protein is handled by the renal tubules has been
discussed repeatedly.
Several studies have shown that proteins such as albu-
min [4, 5], peroxidase [6, 7], hemoglobin [8, 9] and ferritin
[10], can be absorbed by endocytosis from the tubule fluid
in the proximal tubule. A very large portion, if not all of
the absorbed protein is then brought in contact with lyso-
somal enzymes [4, 11], apparently through the fusion of
endocytosis vacuoles and lysosomes [11]. This protein proba-
bly undergoes lysosomal degradation as suggested bythe abil-
ity of lysosomal enzymes to break down albumin in vitro [12].
However, it is possible that some of the protein remains
intact and is transported to the peritubular space either in
the lysosomes, or alternatively in protein-containing endo-
cytosis vacuoles, although at present there is no experimen-
tal evidence for these two pathways.
Recently Maack and Kinter presented observations which
suggested that a considerable part of the protein in the
renal tubule is transported intact through the tubule wall to
the peritubular space [13]. On the basis of electron micro-
scope studies with different tracers, including ferritin,
Bulger and Trump [14] suggested that protein passed mainly
via deep invaginations which emptied into the intercellular
space.
The aim of the present study was to obtain ultrastructural
information about pathways for the transport of proteins
from the tubule lumen to the peritubular space.
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Methods
Animals. Flounders (Pleuronectes platessa) weighing
200 to 350 g were used in all experiments. They were caught
by net in brackish water (Bay of Aarhus) between Decem-
ber and April and transported to the laboratory in sea watçr
directly from the fishing boats and kept in aerated, recir-
culating sea water. Animals which were not used the same
day were kept unfed in sea water for a maximum of three
days at 2 to 4° C. All animals were kept for a few hours at a
temperature of about 10 to 12° C before they were used in
the experiments.
Experimental system. Sigma type II horseradish peroxid-
ase was used as a tracer protein and injected into the vascu-
lar system of the animals. The injection was done percu-
taneously into the v. caudalis using a technique similar to
that described by Forster for the sculpin [15], except that
the injection was performed from the dorsal side of the
animal. The tip of the needle was inserted against the verte-
bral column and then directed downward and moved
between the ribs into the vein. The position of the tip was
ascertained by aspiration of blood. Each fish received a dose
of 15 to 20mg peroxidase/100 g body wt. The fish was
transferred back to sea water and after 30 mm a blood
sample was collected from the caudal vein for biochemical
determination of the peroxidase concentration in plasma.
The animal was then killed by decapitation. To wash the
blood out of the renal vessels the kidney was briefly per-
fused in situ with Forster's balanced saline medium [16] as
modified by Maack and Kinter [13]. It was then rapidly
transferred to the same medium and the tubules were care-
fully dissected with fine forceps under a stereo microscope.
Practically all intertubular tissue was removed with a fine
brush without damage to the tubules which originated from
all segments of the nephron except the large collecting
ducts. With practice a sufficient quantity of tubules could
be prepared by two investigators in 10 mm. An aliquot of
tubules from each kidney was placed in the modified
Forster's medium containing chlorophenol red (2 mg/
liter) to test the ability of the tubules to concentrate this
dye. Unless such test tubules showed good concentrating
ability all tubules from this animal were discarded. Under
the experimental conditions used the tubules normally
retained their ability to concentrate chiorophenol red for at
least 8 hr.
After the dissection the tubules were incubated in the
modified Forster's medium at 10 to 11° C for up to 8 hr.
The incubation was carried out as described by Maack and
Kinter [13] in Falcon organ culture dishes. The tubules were
incubated in a total volume of 1.0 ml, which was sufficient
to cover the tubules with a thin liquid film. At varying
intervals tubules were taken out and either 1) fixed in glut-
araldehyde and the location of peroxidase determined by
electron microscope histochemistry or 2) the content of
peroxidase and the total protein content in the tubules and
in the medium was measured.
In control experiments dissected tubules from uninjected
fish were incubated in 1.0 ml of the modified Forster's
medium containing 0.8 mg/ml horseradish peroxidase. This
concentration was well below the concentration of peroxid-
ase measured in plasma of injected fish, since the protein
concentration in the interstitial fluid is presumably lower
than in the plasma [17]. After incubation for 30 mm the
tubules were washed two times in excess of pure Forster's
medium. Each wash lasted for 5 mm and the total time for
these washes thus corresponded to the time required for
microdissection of tubules from fish injected with peroxid-
ase. In some experiments tubules were taken out for histo-
chemical and biochemical investigations directly after the
second wash. In other experiments the tubules were trans-
ferred after the washes to culture dishes and incubated for
2 hr in Forster's medium without peroxidase, after which
their peroxidase content was determined biochemically.
To rule out the possibility that carryover of peroxidase-
containing incubation medium could have occurred when
tubules were removed from this medium, tubules were in-
cubated for 15 sec in peroxidase-containing medium (0.8 mg
peroxidase/ml), washed twice as described above and meas-
ured for content of peroxidase. In such tubules no measur-
able peroxidase was present; thus the possibility of carry-
over was precluded.
Fixation and histochemical procedures. The dissected
tubules were fixed by immersion for 4 hr at 0 to 4° C in 5 %
glutaraldehyde buffered at pH 7.2 with 0.1 M sodium ca-
codylate. They were washed overnight in 0.1 M cacodylate
buffer at 0 to 4° C.
In some experiments the kidney was fixed in situ 5 or 30
mm after injection of peroxidase by perfusion with 5 %
glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.2)
containing 2% polyvinylpyrrolidone [18]. The tail and the
head of the fish were cut off and a needle inserted into the
caudal vein. The fixative was perfused for 4 mm and small
pieces of kidney then immersed in the same fixative for
4 hr. The tissue was washed overnight in 0.1 M cacodylate
buffer, sectioned in 30 jt thick slices on a Smith and
Farquhar tissue sectioner [19] and incubated for peroxidase
as described.
The histochemical reaction for peroxidase was carried
out as described by Graham and Karnovsky [7] for 10 to
30 mm. The specificity of the histochemical reaction was
ascertained by incubation of the tubules or slices in a
medium without substrate or hydrogen peroxide, or they
were preincubated in 0.05 M sodium cyanide in 0.05 M Tris
HC1 buffer (pH 7.6) for 30 mm before incubation in the
complete histochemical medium containing the same con-
centration of sodium cyanide. After incubation the tubules
or slices were washed in distilled water and fixed for 90 mm
in 1.3% osmium tetroxide buffered with S-collidine. The
tubules were dehydrated in alcohol and embedded in Epon
812 [20]. Ultrathin sections were cut on an LKB Ultratome
and either left unstained or stained with lead citrate [21].
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The sections were studied in a Siemens Elmiskop IA elec-
tron microscope operated at 80 kv.
In separate experiments tubules from flounders injected
with peroxidase were dissected and fixed exactly as de-
scribed above and then incubated for acid phosphatase in
the Gomori medium as modified by Barka and Anderson
[22]. The incubation was carried out at 37° C for 10 to 20
mm and the tissue treated with osmium and embedded as
described above. Controls were incubated in the complete
histochemical medium containing 10 m sodium fluoride.
Biochemical and chemical methods. The concentration of
peroxidase was determined in heparinized plasma as well as
in incubation fluids and tubules at desired time intervals.
The tubules were placed in 1.0 ml 0.0067 M phosphate
buffer at pH 7 and homogenized. Samples of incubation
fluid and homogenate were frozen and stored for not more
than one week at —20° C and analyzed for peroxidase and
protein. The tissue homogenate was frozen and thawed
three times before the measurements to ensure extensive
breakage of cellular membranes. Peroxidase was deter-
mined as described by Luck [23] except that the concen-
tration of hydrogenperoxide was raised to 10 m. The
smallest amount of peroxidase which was detectable with
the method was 0.01 rig. Protein was determined by the
method of Lowry et al [24], with bovine albumin as the
standard.
In the control experiments the amount of peroxidase was
determined as described above and the amount of peroxid-
ase/lO mg tubular mass was calculated assuming 1 g of
tubular mass to contain 116.4mg protein [13].
Results
Ultrastructure of flounder tubules. Our observations on
the fine structure of uninjected proximal tubules from
Pleuronectesplatessa were in good agreement with previous
observations on the same species [25] and in principle the
same as reported for tubules from Parophrys vetulus [26].
In microdissected tubules, practically all peritubular tissue
was removed and the majority of dissected tubules showed
a very good preservation of cell ultrastructure even 8 hr
after the start of in vitro incubation. In accordance with
previous observations [27], dissected tubules only rarely
showed evidence of degeneration such as swelling of cells
and cell organelles. The very deep invaginations of the
luminal cell membrane, which were observed following
retrograde injection of tracer particles in the ureter [14],
were not observed in this study (Fig. 1).
The tubule cells contained one group of cytoplasmic
bodies, which showed a very electron-dense content that
could be mistaken for enzyme reaction product (Fig. 2).
However, at high magnifications, the material in these
bodies had a homogenous appearance, in contrast to
enzyme reaction product, and the bodies were also present
in tubule cells from uninjected fish. It is probable that such
bodies represented lipid droplets since they were devoid
of a limiting membrane. Similar bodies have been noted
before in similar cells [26]. Nonepithelial cells were also
occasionally observed between the epithelial cells in the
tubule walls. They contained vacuoles and cytoplasmic
bodies and probably corresponded to the so-called wan-
dering cells [26]. In dissected tubules from injected fish the
wandering cells contained some peroxidase, apparently
taken up by endocytosis. No peroxidase was present in
wandering cells from uninjected animals.
Location of peroxidase before incubation. In kidneys fixed
by perfusion 30 mm after intravascular injection of peroxid-
ase, the peroxidase was present at two principally different
locations in the tubule wall (Fig. 1).
One location was the extracellular space between the
cells and within the basal invaginations. This space was
completely filled with the electron-dense reaction product,
which represented the location of peroxidase. The tracer was
present in the intercellular spaces up to, but not within the
tight junctions (Fig. 12). The reaction product in the extra-
cellular spaces was not uniformly distributed between the
membranes but appeared more concentrated along the cell
membranes, leaving a slightly lighter zone in the middle of
the space (Fig. 3). There was also much peroxidase between
the basement membrane and the peritubular plasma mem-
brane, in the basement membrane itself and between the
peritubular cells covering the basement membrane (Figs.
1 and 2).
The second location of peroxidase was in vacuoles in the
apical cytoplasm of the tubule cells. Some of these vacuoles
were small and located immediately under the brush border,
whereas others were large and usually located further down
in the cytoplasm (Fig. 1). Connections between the vacuoles
and the intercellular spaces were never observed and no
direct communications between the intercellular spaces and
the tubule lumen were demonstrated.
The peroxidase localization described above applies
specifically to the first of the three segments that have been
recognized within the flounder proximal tubule [25, 26].
In the second segment (Fig. 2) only very few apical vacuoles
were seen and in the third segment the peroxidase was pre-
sent almost exclusively in the lateral intercellular spaces and
in the basal invaginations. In kidneys fixed 5 mm after the
injection of peroxidase the enzyme was only present in
intercellular spaces and basal invaginations; no peroxidase
was present in apical vacuoles in the first proximal segment.
Location of peroxidase during incubation in vitro. 1) At
start of incubation. After completed microdissection of the
tubules but before incubation, peroxidase was located
essentially as described above (Fig. 4). In preliminary ex-
periments, in which the time required for dissection was
unduly long, many tubules lacked reaction product in the
basement membrane and the basal parts of the invagi-
nations. When a sufficient amount of tubules could be
dissected within 10 mm, such disappearance of reaction
product from the basement membrane area and basal in-
vaginations was only rarely observed, and if it occurred at
Fig. 1
Fig. 2
Fig. 1. Electron micrograph of tubule walifrom the first proximal segment. The kidney was fixed in vivo by perfusion. The dark material
represents the histochemical reaction product for peroxidase which is present in apical vacuoles (AV) and apical cell membrane in-
vaginations, intercellular spaces and basal invaginations (long arrows) and the basement membrane area (BM). The tubule lumen
(TL) with the brush border (BB) contains traces of reaction product (short arrows). (x 13,600)
Fig. 2. Electron micrograph of tubule wall from second proximal segment in kidney fixed by perfusion. Peroxidase is located in lateral
intercellular spaces, basal invaginations (arrows) and basement membrane (BM), but peroxidase-containing vacuoles are absent in
the vacuolar apparatus in this segment. The very dark bodies probably represent lipid droplets (B). TL, tubule lumen. (x12,000)
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Fig. 3. Basal part of tubule cellfrom second proximal segment fixed by perfusion. The peroxidase is seen in basal invaginations and base-
ment membrane (BM) area. Note that the reaction product is more dense along the cell membrane thus leaving a lighter zone in the
middle of the basal invaginations (arrows). (x 30,000)
Fig. 4. Electron micrograph from dissected tubule of second proximal segment fixed by immersion at the start of the in vitro incubation.
The peroxidase is located as in tubules fixed in rico by perfusion BM, basement membrane. (x 30,000)
Fig. 5. Electron micrograph from microdissected tubule of second proximal segment fixed after incubation in vitro for 0.5 hour. The per-
oxidase is not uniformly distributed in the invaginations. In some parts the invaginations are empty (long arrows) while in other parts
they contain peroxidase (short arrows). BM, basement membrane. (x 30,000)
Fig. 6. Electron micrograph from tubule of second proximal segment fixed one hour after start of incubation in vitro. The basal invagina-
tions are now completely free of reaction product. BM, basement membrane. (x 30,000)
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all it was noted only within small regions. Rarely occurring
wandering cells contained some peroxidase in cytoplasmic
vacuoles.
2) One-half hour after start of incubation. The peroxidase
in the apical parts of the cells had the same location as at
the start of incubation but in the basal invaginations the
distribution of peroxidase was slightly changed. In some
regions of the tubule wall the invaginations were completely
empty, whereas in other regions peroxidase was still present
(Fig. 5). In some tubules no peroxidase at all could be seen
in the intercellular spaces and basal invaginations.
3) One hour after start of incubation. The peroxidase lo-
cated between the cells and in the basal invaginations had
disappeared in all experiments (Fig. 6). Peroxidase-con-
taming vacuoles were still present in the apical parts of the
cells, but located somewhat closer to the nucleus and many
small vacuoles did not contain peroxidase.
4) Two hours after start of incubation. Peroxidase was not
observed between the cells or in basal plasma membrane
invaginations. It appeared exclusively in vacuoles and cyto-
plasmic bodies in the perinuclear region of the cell (Fig. 8).
5) Six hours after start of incubation. Several cytoplasmic
bodies containing peroxidase were observed in the pen-
nuclear region (Fig. 7). Similar bodies were also present
between the nucleus and the peritubular cell plasma mem-
brane but never seen in direct contact with the peritubular
plasma membrane. There was no peroxidase between the
cells or in the basal invaginations.
No electron-dense reaction product was observed in any
of the above peroxidase experiments when the tissue was
incubated without substrate or H202, or when sodium
cyanide was added to the complete histochemical medium.
Location of acid phosphatase. Acid phosphatase was
present in cytoplasmic bodies which showed the same mor-
phology and same location as the peninuclear cytoplasmic
bodies that contained peroxidase after incubation in vitro
(Fig. 9). Controls incubated in fluoride were negative.
Location of peroxidase in control experiments. Tubules
from uninjected fish, which were incubated for one half
hour or one hour in vitro in Forster's modified medium con-
taining peroxidase, revealed peroxidase in all intercellular
spaces and basal invaginations. The apical vacuoles were
completely devoid of peroxidase (Fig. 10). In some regions
the reaction was more intense adjacent to the plasma mem-
brane, as if the protein was adsorbed to the cell surface
(Fig. 11).
Biochemical observations. The amount of peroxidase pre-
sent in dissected tubules was analyzed in two series of
experiments. In the first series, which consisted of six
animals caught in the month of February, peroxidase was
determined in the plasma before dissection of the tubules,
in tubular masses after dissection and rinse, and in tubular
masses as well as incubation medium following one hour of
incubation. The plasma concentration was 6.46±sE 2.27
mg/ml and the tubular masses contained 1.33 SE 0.16 tg
peroxidase/mg protein. Following incubation for one hour
in pure Forster's medium, the disappearance of peroxidase
from the tubular tissue was pronounced; the tubular masses
contained 0.55 SE 0.30 tg peroxidase/mg protein in
tubular tissue and the incubation medium, 1.02 SE 0.45 tg
peroxidase/mg protein in tubular tissue.
In the second series of experiments, carried out on ani-
mals caught in the month of April, the release of peroxidase
from dissected tubules was studied in more detail (Table 1
and Fig. 13). In these experiments the concentration of
peroxidase in plasma was not determined, but the amount
of peroxidase associated with tubules after dissection
(1.35 SE 0.31 ig peroxidase/mg protein) was essentially
identical to that in the first experiments. During the first
hour about 50% of the enzyme disappeared from the tubules
and was recovered in the incubation fluid. During the follow-
ing hours no appreciable change in peroxidase content was
observed.
In control experiments, in which dissected tubules from
uninjected fish were incubated in peroxidase-containing
Forster's medium, some peroxidase became associated with
the tubular mass. On the average 0.32% of the total amount
of peroxidase in the medium became adsorbed per 10 mg
tubular mass (Table 2).
In similar control experiments such tubules with asso-
ciated peroxidase were transferred to pure Forster's medium
to determine if peroxidase was reversibly adsorbed to the
tubules. After two hours of incubation no measurable
Table 1. Amount of peroxidase in tubular masses and incubation
medium at different times during incubation (gig/mg tissue
protein)a
Anima
No.
1
0 0.5
Hou
1
rs
2 4 6 8
150 tb
inc
2.85 0.48
0.23
0.43
0.41
0.50
0.64
0.35
0.25
0.68
0.68
0.31
0.31
151 tb
inc
1.44 0.06
0.15
0.65
0.16
0.55
0.28
0.29
0.23
0.48
0.30
0.30
0.17
152 tb
inc
0.51 0.35
0.58
0.37
0.60
0.19
0.51
0.23
0.66
0.30
0.66
0.21
0.57
153 tb
inc
1.15 0.31
0.12
0.45
0.57
0.44
0.51
0.40
0.59
0.45
0.48
0.38
0.61
154 tb
inc
0.67 0.28
0.35
0.31
0.38
0.43
0.53
0.17
0.54
0.94
0.86
0.80
1.20
155 tb
inc
1.47 0.41
0.41
0.32
0.42
0.57
0.46
0.49
0.52
0.31
0.58
0.39
0.52
tb
inc
Mean
s
Mean
SE
1.35
0.31
0.48
0.11
0.31
0.06
0.42
0.04
0.42
0.06
0.45
0.04
0.49
0.04
0.32
0.04
0.47
0.06
0.53
0.09
0.59
0.07
0.40
0.07
0.56
0.14
Abbreviations: tb, tubules; mc, incubation fluid.
a The animals were injected intravascularly with peroxidase,
sacrificed after 0.5 hour, and the tubules dissected and in-
cubated in vitro for the times shown. The figures represent the
amount of peroxidase present in the dissected tubular masses
or incubation fluids expressed as total amount of peroxidase
per mg protein in the incubated tubular masses and incubation
fluids.
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Fig. 8 Fig. 9
Fig. 7. Cells from dissected tubule from first proximal segment fixed six hours after start of incubation. Peroxidase is present exclusively
in cytoplasmic bodies (CB) located toward the nucleus (N). The intercellular spaces are empty, and no peroxidase is present in the apical
vacuoles (AV). The tubule lumen (TL) is seen in the upper left corner. (x 26,000)
Fig. 8. Cytoplasmic bodies (CB) containing peroxidase in dissected tubules from first proximal segment fixed after incubation in vitro
for two hours. Mitochondria (M) and nucleus (N) are seen. (x 60,000)
Fig. 9. Electron micrograph of tubule cd/from first proximal segment fixed two hours after start of incubation. The tissue was incubated
in a Gomori medium to show the location of acid phosphatase. Four lysosomes (L) containing acid phosphatase are seen close to the
nucleus (N). (x 30,000)
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Fig. 10
Fig. 11 Fig. 12
Fig. 10. Dissected tubule from second proximal segment of uninjected fish incubated in Forster's medium containing peroxidase. The tracer
is present in all lateral intercellular spaces and basal invaginations (arrows) as well as in the basement membrane (BM) but is not ob-
served in the apical vacuoles (AV). TL, tubule lumen; N, nucleus. (x 12,000)
Fig. 11. Peritubular region of tubule walifrom the same experiment and same segment as illustrated in Fig. 10. Direct continuity (arrows)
is demonstrated between the peritubular space and the basal invaginations, which contain peroxidase. N, nucleus. (x 30,000)
Fig. 12. Apical junctional complex between tubule cells offirst proximal segment from an animal injected with peroxidase in vivo. Peroxid-
ase is not observed within the tight junction (between arrows 1 and 2) but is present within the intermediate junction (between 2 and 3)
and the desmosome (between 3 and 4). (x 100,000)
Protein transport in renal tubules 323
-c
a
a
a
a
E
Cta
0
C)
Fig. 13. The average percentage of peroxidase remaining in tubu-
lar masses after different incubation periods. The vertical bars
represent the standard deviations.
Table 2. Uptake of peroxidase by control tubules during in vitro
incubation
Peroxidase
in 10 mg tubules (mg)
Peroxidase
in 10 mg tubules/peroxidase
in incubation medium (%)
0.00245 0.30
0.00280 0.34
0.00290 0.36
0.00230 0.29
Mean 0.32
Dissected tubular masses from fish not injected with peroxidase
were incubated in vitro for one hour in a medium containing
0.8 mg/mi peroxidase. The amount of peroxidase adsorbed to,
or taken up by the tubules was measured as well as the protein
content of the tubular masses. Peroxidase was expressed in
mg/b mg tubular mass. In the calculations it was assumed that
116.4mg protein correspond to 1 g tubular mass [231. In the last
column the amount of peroxidase taken up per 10 mg tubular
mass is expressed as the percentage of peroxidase present in the
incubation fluid.
peroxidase was present in the tubular masses thus indicating
that the peroxidase was reversibly bound to the tubular
tissue.
Discussion
The demonstration of peroxidase in endocytosis vacuoles
and other components of the vacuolar apparatus in proxi-
mal tubule cells following its intravascular administration
is in agreement with the results of studies in mammalian
proximal tubules [7, 11], and it is also consistent with results
reported for other proteins, including albumin [4], hemo-
globin [8, 9] and ferritin [10]. The present study shows that
the absorbed peroxidase is gradually transferred after one
to two hours from endocytosis vacuoles to cytoplasmic
bodies, which are identified as lysosomes by their content
of acid phosphatase [28].
The peroxidase present in the extracellular compartment
of the tubule wall —the lateral intercellular spaces and the
basal invaginations —may have entered this compartment
in one or more of the following ways: 1) from the lumen
directly through the apical cell junctions, 2) from the lumen
in some way across the luminal plasma membrane, and
after passage through the cytoplasm, in some way across
the peritubular plasma membrane, 3) from the lumen into
apical vacuoles or deep plasma membrane invaginations
which then empty their contents into the lateral intercellular
spaces, 4) by retrograde penetration through the basement
membrane from the peritubular space.
The cells of flounder proximal tubules are joined at their
apical border by junctional complexes, which include typical
tight junctions [14]. Since peroxidase was not observed
within the tight junctions it appears unlikely that peroxidase
entered the intercellular spaces by way of these junctions.
This conclusion is consistent with findings on mammalian
tubules where tight junctions prevented the passage of
different proteins from the tubule lumen to the intercellular
spaces [10, 29, 30].
The second possibility, that peroxidase passes directly
through the cytoplasm of the tubule cells after penetration
directly through the cell membrane, appears highly un-
likely. There was no cytochemical evidence at all that
peroxidase was present in the free cytoplasm outside the
vacuoles or lysosomes. This observation is in agreement
with observations on the localization of peroxidase in
proximal tubule cells of other species [7]. It should be
emphasized in this connection that the procedure for
peroxidase is regarded as a very sensitive one since single
enzyme molecules generate more and more electron dense
reaction product as incubation proceeds [7].
In tissue fractionation studies on kidneys from animals
injected with peroxidase [31] or lysozyme [32], a large part
of the tracer enzyme was associated with sedimentable
cellular components, in particular lysosome fractions.
However, one fraction of the tracer protein in the homo-
genate was recovered in the final supernatant. A possible
interpretation of these observations is that the proteins,
in addition to being located in the lysosomes, were present
in the free cytoplasm of the tubule cells before homogeni-
zation. However, an appreciable portion of the lysosomes
rupture when the cells are homogenized. Thus, de Duve
[33] concludes that in homogenates of nonexperimental
liver the minimum level of damage to lysosomes is about
15%. Distinctly higher levels of damage easily occur under
less optimal conditions of preparation or with experimen-
tally changed tissues. Therefore, the presence of peroxidase
or lysozyme in the supernatant after tissue fractionation is
not a proof for the presence of these tracer proteins in the
free cytoplasm of the cells in vivo.
The possibility that endocytosis vacuoles or lysosomes
containing peroxidase empty their contents into the lateral
intercellular space is also unlikely since vacuoles or lyso-
Hours
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somes were never observed to be in direct contact with the
lateral plasma membrane. In addition, peroxidase was also
present in the intercellular space in the second and third
segments of the tubule where there were no, or only occa-
sional endocytosis vacuoles which contained absorbed
peroxidase. Furthermore, peroxidase was observed in the
intercellular spaces only 5 mm after the injection of per-
oxidase before any peroxidase had appeared in the endo-
cytosis vacuoles. Finally there was essentially no release of
peroxidase from the tubules after incubation for one hour
despite the fact that up to 50% of the peroxidase initially
present in the tubules was present in the lysosome system.
Our observation therefore provides evidence that peroxidase
transport into the lateral intercellular spaces by way of the
vacuolar apparatus is unlikely under the present experi-
mental conditions.
Bulger and Trump [14] suggested that endocytosis
vacuoles or deep plasma membrane invaginations could
empty their contents into the lateral intercellular spaces and
proteins thereby pass the tubule wall undegraded. In their
experiments different tracers were injected in vivo retro-
grade via the ureter into the kidney of flounders. They found
the tracers in the lateral intercellular spaces near the base-
ment membrane. In the present experiments such deep
plasma membrane invaginations were never noted. In
recent experiments [34] we have microinjected ferritin
into isolated flounder tubules and observed ferritin mole-
cules by electron microscopy in the lateral intercellular
space near the basement membrane as early as 30 sec after
the injection. It seems very unlikely that the protein could
have been transported so rapidly through the tubule wall
by way of endocytosis since few endocytosis vacuoles
containing ferritin were observed. Instead the evidence
suggested that this rapid passage of ferritin into the basal
intercellular spaces occurred through a temporary leakage
of some tight junctions caused by the pressure increase in
the tubule lumen during the microinjection of the ferritin.
A similar explanation may perhaps apply to the obser-
vations by Bulger and Trump [14], since the intratubular
pressure may increase when fluids are forced retrograde
from the ureter into the tubules.
The fourth explanation for the entry of peroxidase into
the intercellular spaces, that is retrograde penetration of
peroxidase through the basement membrane, appears proba-
ble. Our control experiments showed that peroxidase can
readily penetrate retrograde into the intercellular space via
the basement membrane when isolated tubules from un-
treated fish are incubated in a medium containing per-
oxidase. There is no evidence against the possibility
that peroxidase also enters these spaces retrograde in vivo.
From this we can conclude that at least some, and perhaps
all protein located in basal invaginations in vivo has pene-
trated retrograde into this space from the peritubular ca-
pillaries and that it has not been transported from the tubule
lumen. It has already been shown that peroxidase can
penetrate into the intercellular spaces of isolated rabbit
collecting tubules [35] and proximal tubules in doubly per-
fused Necturus kidneys [36].
Our observation that the reaction product in some regions
of the intercellular spaces was more intense along the plasma
membrane suggests that peroxidase may bind to the cell
surface. However, since the reaction product disappeared
upon prolonged incubation it appears that the binding is
reversible.
The biochemical results of this study showed that more
than half of the peroxidase which was initially present in
the dissected tubules was transferred from the tubules to
the incubation fluid during the first hour of in vitro in-
cubation. Since the peroxidase demonstrated by histo-
chemistry in the intercellular spaces disappeared during the
same period and was not taken up by the cells, we have
concluded that the peroxidase which appeared in the in-
cubation medium was largely derived by diffusion from the
intercellular spaces.
The possibility that the peroxidase in the medium had
escaped from the tuble lumen through open ends of iso-
lated tubules is unlikely since the ends of isolated tubule
fragments close completely during dissection, separating
the lumen from the peritubular fluid [13].
Also, from a quantitative point of view, our experimental
data are entirely consistent with the possibility that per-
oxidase penetrates retrograde into the extracellular spaces
and then diffuses out again during in vitro incubation.
The control experiments showed that dissected control
tubules had the ability to take up 0.32% of the peroxidase
in the medium/b mg tubule tissue. Assuming that the
tubules have the ability to adsorb the same amount of
peroxidase in vivo, the tubules would be expected, at a
plasma concentration of 6.5 mg/ml, to take up from the
peritubular side 20.8 jtg peroxidase/lO mg tubular tissue.
This expected value is considerably larger than the amount
(0.42 to 1.02 iig/mg tubular protein corresponding to
0.36 to 0.88 iig/10 mg tubular tissue) of peroxidase actually
observed to be released from tubules dissected from animals
injected in vivo with peroxidase. Thus, the tubules have
in vitro a larger capacity to adsorb peroxidase from the
peritubular side than is necessary to account for the ob-
served binding in vivo of removable peroxidase. This
difference was not due to contamination of the tissue by the
medium since the tissue was double-rinsed in excess pure
medium before analysis. The difference may be related to
variations in the net flux of water from the flounder tubule
lumen since the net flux present in vivo [37] is largely absent
in vi'ro. Assuming that the water flux in vivo occurs, at
least in part, by way of the intercellular spaces, peroxidase
must enter these spaces against a flow of water and this
may cause the smaller retrograde uptake in vivo than in
vitro.
Recently, Maack and Kinter [13] studied in detail the
apparent transport of lysozyme through the wall of iso-
lated flounder tubules. The protein was injected intra-
peritoneally into flounders and the kidneys were taken out
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after different time intervals and the tubules dissected. An
accumulation of lysozyme was demonstrated in the iso-
lated tubular masses. About half of the lysozyme in the
tubules was released into the incubation medium within
one hour when the tubules were incubated in vitro but
thereafter the release of lysozyme was minimal. By a histo-
chemical procedure at the light microscopical level it was
demonstrated that the protein was located in the tubule wall
at the beginning of the incubation. However, the resolution
of the procedure did not allow a distinction between protein
located in the cytoplasm and protein located in the extra-
cellular spaces between the cells. Maack and Kinter suggest-
ed that the protein present in the tubule wall represented
filtered protein which was being transported through the
tubule wall to the peritubular space. The rapid rise in
lysozyme concentration in the incubation fluid was inter-
preted as transtubular transport of intact protein.
However, as shown in our histochemical experiments, it
is unlikely that all protein present in the tubule wall repre-
sents filtered protein. The peroxidase observed in endocy-
tosis vacuoles and lysosomes clearly represents filtered pro-
tein which has been reabsorbed by the tubule cells. How-
ever, the evidence discussed above indicates that the
protein located in the tubule wall, in the extracellular
space between the cells, has penetrated from the peritubular
space. Although Maack and Kinter used another flounder
species than the one used here and utilized jysozyme instead
of peroxidase as a protein tracer, their experimental data
appear entirely compatible with our explanation for the
tubular handling of peroxidase. Thus, lysozyme may have
penetrated retrograde into the extracellular spaces of the
tubule wall in vivo and then diffused into the medium
during incubation, thus giving rise to the observed increase
in lysozyme in the medium during the initial part of the
incubation.
In the present control experiments it was found that
0.32% of the peroxidase added to the medium was bound
per 10 mg tubular mass following in vitro incubation and
that this peroxidase, as determined by electron microscopic
histochemistry, was located in the lateral and basal inter-
cellular spaces. Maack and Kinter [13] evaluated in control
experiments the possibility that lysozyme may bind un-
specifically to microdissected tubular masses incubated in a
medium containing a small amount of lysozyme. No bind-
ing of lysozyme by the tissue could be measured. However,
the assay method was able to detect only about I % (0.1 jig)
of the lysozyme (10 jig), which was added to the tubular
masses. The control experiments therefore did not exclude
a nonspecific binding of less than 1 % of lysozyme. Thus
when the lysozyme concentration in plasma was 653 jig/ml
(as shown in Table 3, ref. 13), up to 6.5 jig (1 %) could have
been adsorbed per 10 mg tubular tissue. The absolute
amount of lysozyme released after in vivo injection and
subsequent in vitro incubation varied from 4.2 to 10.8 jig
(as shown in Table 4, ref. 13). Therefore the control ex-
periments of Maack and Kinter [13] do not exclude the
possibility that a large part, if not all of the lysozyme re-
leased during in vitro incubation was released from the inter-
cellular space in the tubule wall.
We conclude from the above considerations that con-
vincing evidence for the theory that intact proteins are
transported from the renal tubule lumen to the peritubular
space is still lacking.
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